Introduction {#s001}
============

T[ype]{.smallcaps} 1-[diabetes is a disease]{.smallcaps} that affects millions of people throughout the world. Current cell replacement therapies involve the transplantation of pancreatic islets, which requires many islets and several cell transplant procedures. Human islets obtained from cadavers are not sufficient for the vast number of patients in need of this therapy. Human embryonic stem cells (hESCs) have been considered to be a potential source for cell replacement, but progenitors derived from these cells often generate teratomas in experimental cell transplants in mice.^[@B1]^ Further work will be needed to derive mature β-cells from hESCs. Transplantation of induced pluripotent stem cells or the induction *in situ* of pancreatic stem cells (PnSCs) to β-cells may also become possible for diabetic patients. So far, the presence of PnSCs in the pancreas has not been firmly demonstrated in humans or animals. Previous published reports suggest that ductal structures in the exocrine pancreas are a potential site where endocrine pancreatic stem/progenitors may reside until they receive inductive signals for differentiation.^[@B2]--[@B11]^ Acinar tissue is another potential source of progenitor cells through a process of acinar transdifferentiation to ductal and endocrine cells.^[@B12]--[@B14]^ Dor et al. provided evidence that mouse β-cells can regenerate through self-replication *in vivo*.^[@B15]^ In a more recent investigation, Smukler et al. showed that immature insulin cells, unique stem cells, situated in the periphery of the human islets, can self-replicate and differentiate to hormone-producing endocrine cells *in vitro* and *in vivo*.^[@B16]^ Xu et al. demonstrated the appearance of β-cells generated from endogenous progenitors located in the ductal lining of injured adult mouse pancreas.^[@B9]^ These progenitors differentiated to all islet cell types in an NGN3-dependent mode.^[@B9]^

The controversy of where PnSCs reside could be solved if a specific marker is found that will allow for their identification and purification. Previously, CD133 and MET ductal-positive cells were purified from mouse pancreas by flow cytometry and differentiated toward an endocrine and exocrine lineage.^[@B17]--[@B20]^ CD133 and MET are, however, not appropriate markers for purification of a specific population of stem/progenitors cells in the human pancreas, because CD133 is broadly expressed in stem and progenitor cells from different tissues, including hematopoietic cells, while MET is expressed in the islet.

Our preliminary data demonstrate that stage-specific embryonic antigen 4 (SSEA4) could be such a marker. SSEA4^+^ cells are present in the exocrine portion of the human pancreas, some surrounding the islets, but not inside islets. Progenitor markers such as *Sox9* and *CD133*, and ductal markers such as *c-Met*, *CK19*, and carbonic anhydrase II (*CA2*) were all highly expressed in SSEA4^+^-sorted cells in comparison to SSEA4^−^ cells (purity close to 99%). Stem cells markers such as *Wnt3a* and *Oct4* were also significantly upregulated in SSEA4^+^ cells, although their expression was low. More importantly, in the human fetal pancreas, most of the SSEA4 cells were also NGN3^+^, a recognized marker of endocrine progenitors.

SSEA4 is a known marker of hESCs, a glycolipid antigen with a globoseries carbohydrate core structure.^[@B21],[@B22]^ The protein was also found in multipotent progenitors from human fetal liver^[@B23]^ and in human neural progenitor cells,^[@B24]^ as well as in mesenchymal cells of human dermis.^[@B25]^

Hypothesis {#s002}
----------

Accumulated evidence supports the concept that pancreatic stem/progenitor cells may originate in the pancreatic duct, where they reside in a quiescent stage.^[@B2],[@B3],[@B26]^ Nonterminally differentiated stem/progenitors persist in the adult organism and may serve as a source of terminally differentiated cells once induced. They differ from ESCs by being multipotent and are also called adult stem cells. As a progeny of ESCs, they might express markers identified in their predecessor such as stage-specific antigens. They also might coexpress progenitor cell markers, common stem cell markers, like CD133, or markers of the tissue where they reside, such as CK19 or CA2 ductal markers. Based on these assumptions and our data, we hypothesize that SSEA4 may represent a potential surface antigen marker for human pancreatic stem/progenitors. Interestingly, we found that some SSEA4^+^ cells did not co-localize with the CA2 ductal marker,^[@B4]^ although they resided in between SSEA4^+^CA2^+^ ductal cells. Based on this observation and the low number of spheres that originated from a relatively large number of SSEA4^+^ cells, we also hypothesize that the SSEA4^+^ cells that have not assumed ductal fate could be the elusive PnSCs.

We have identified SSEA4^+^ cells in the human exocrine pancreas by immunohistochemistry. We obtained gene expression profiles of sorted SSEA4^+^ and SSEA4^−^ cells and also established conditions for their differentiation to pancreatic hormone-expressing cells. Thus, we are first to identify SSEA4^+^ cells in the adult human pancreas with characteristics of pancreatic progenitors. Further clonal analysis would confirm their stemness. The identification and purification of human PnSCs will greatly facilitate studies aimed at the expansion of those cells as well as development of targeting tools for their induction *in situ*.

Materials and Methods {#s003}
=====================

Tissue culture, differentiation, and real-time quantitative polymerase chain reaction {#s004}
-------------------------------------------------------------------------------------

Human exocrine pancreatic tissue was kept in a Roswell Park Memorial Institute (RPMI)/10% fetal bovine serum (FBS) medium in suspension culture. Cells were dissociated with 0.05% Trypsin/Versene (Invitrogen) and sorted by fluorescence-activated cell sorting (FACS) or by using magnetic beads as described below. Sorted cells were grown for 10 days in Dulbecco\'s modified Eagle\'s medium (DMEM)/F12 medium (Invitrogen) supplemented with 10% FBS (Invitrogen), epidermal growth factor, and basic fibroblast growth factor, 20 ng/mL each (R&D Systems). Cells were seeded in low-attachment plates at a density 0.5×10^6^ cells/well (9.2 cm^2^), and the medium was changed every 3--4 days. Differentiation to pancreatic hormone--expressing cells was performed for 4 days in the presence of DMEM high glucose, 1% B27 supplement, both from Invitrogen, and PP2 (10 mM; EMD Biosciences). mRNA purification, cDNA synthesis, and real-time quantitative polymerase chain reaction (RT-qPCR) analysis of differentiated tissue were performed as previously described.^[@B27]^ Briefly, 20 μL PCR reactions were run using 3 μL of cDNA, combined with the TaqMan Universal PCR Master Mix (4324018; Applied Biosystems) and unlabeled PCR primers and a TaqMan FAM^™^ dye-labeled probe listed in [Supplementary Table S1](#SD1){ref-type="supplementary-material"}. RT-qPCR was performed using an Applied Biosystems StepOnePlus real time PCR machine. The results were analyzed by the standard curve method as previously described.^[@B27]^ Quantitative values for each gene of interest were normalized to cyclophilin A.

FACS and magnetic bead purification {#s005}
-----------------------------------

After dissociation, the cells were stained with 20 mg/mL SSEA4 mouse monoclonal antibody in a FACS buffer (phosphate-buffered saline \[PBS\]/0.5% bovine serum albumin/0.025% NaN~2~) for 40--60 min at room temperature. After several washes with the FACS buffer, cells were stained with the secondary antibody goat-anti mouse Alexa 488 for 15--30 min atroom temperature. Cells were washed and FACS-sorted on a Becton Dickinson FACSAria. Magnetic bead purification was performed as recommended by the manufacturer (Miltenyi Biotec, Inc.). Dissociated cells were labeled first with an SSEA4-PE antibody in a concentration recommended by the manufacturer and secondly with anti-PE Beads (Miltenyi Biotec, order \# 130-048-801). Cells were sorted by double purification by using LS columns, also obtained from Miltenyi Biotec.

Immunostaining {#s006}
--------------

Human fetal pancreases were provided by the Birth Defects Research Laboratory, University of Washington (Seattle, WA), and approved by the University of California--San Diego (San Diego, CA) Human Research Protection Program (Protocol \#081237XT). Dr. Jose Oberholzer generously provided the human adult tissue, processed at the Islet Processing Facility at the Chicago Medical Center (University of Illinois, Chicago, IL).

Tissue from fetal and adult pancreas was fixed in 4% paraformaldehyde in PBS. The human adult tissue was treated overnight with 15% sucrose in PBS. Subsequently, the tissue was cryopreserved in O.C.T. (Tissue-Tek Sakura Finetek), and 5-μm sections were cut for staining. For double immunofluorescence of SSEA4 was used 0.05% Triton X-100 in PBS for permeabilization, except for SOX9 staining where was used 0.01% Tween 20. Primary and secondary antibodies descriptions and dilutions are listed in [Supplementary Tables S2](#SD2){ref-type="supplementary-material"} and [S3](#SD3){ref-type="supplementary-material"}, respectively. The stained sections were viewed using a Nikon Eclipse E800 and TS100 Fluorescent Microscope, and the images were captured using SPOT software (version 4.6).

Results {#s007}
=======

Characterization of SSEA4^+^ cells in human pancreas {#s008}
----------------------------------------------------

We identified and purified SSEA4^+^ cells in the human adult pancreas by immunohistochemistry and flow cytometry. These cells appeared scattered in the exocrine pancreas and around the islets ([Fig. 1B, C](#f1){ref-type="fig"}). The percent for SSEA4^+^ cells varied from 17% to 30% as estimated by FACS analysis ([Supplementary Figs. S1](#SD4){ref-type="supplementary-material"} and [S2B](#SD5){ref-type="supplementary-material"}), and morphologically, they are small and epithelial looking ([Fig. 2A](#f2){ref-type="fig"}).

![Sections of human FP and AP were immunostained for co-localization of SSEA4^+^ cells with markers as noted. White arrowheads represent Ki67 or insulin^+^SSEA4^+^ cells as noted. Scale bars: 115-μm FP **(A, B, D)**, 60-μm AP **(C)**. FP, fetal pancreas; AP, adult pancreas; SSEA, stage-specific embryonic antigen 4.](fig-1){#f1}

![SSEA4^+^ and SSEA4^−^ cell culture. **(A)** SSEA4^+^ cells expanded in monolayer for 1 week in RPMI/10% FBS on an HTB9 matrix. **(B)** SSEA4^+^ cell-derived spheres after 10 days in a suspension culture. **(C)** SSEA4^−^ cell-derived spheres after 10 days in a suspension culture. FBS, fetal bovine serum; RPMI, Roswell Park Memorial Institute medium.](fig-2){#f2}

Gene expression profiles of SSEA4^+^ and SSEA4^−^ cells are shown in [Figure 3](#f3){ref-type="fig"}. SSEA4^+^ cells expressed the pancreatic progenitor markers such as *CD133* and *Sox9* and the ductal markers *c-Met*, *CK19*, and *CA2*. They also expressed low amounts of *Pdx1* and stem cell markers such as *Oct4* and *Wnt3a*. Interestingly, *c-Myc* was highly expressed in SSEA4^+^ cells ([Fig. 4](#f4){ref-type="fig"}). These cells did not express endothelial or endocrine markers as shown by *PECAM-1* or *insulin*, respectively. They also did not express the endocrine progenitor marker *Ngn3*. *Nestin* expression was lower in the SSEA4^+^ than in the SSEA4^−^ cells.

![Representative study showing an RT-qPCR profile of SSEA4^−^ (gray bars) and SSEA4^+^ cells (green bars). Adult human exocrine pancreases were dissociated and labeled with an SSEA4 antibody. SSEA4^−^ and SSEA4^+^ cells were purified closed to 99% purity by flow cytometry cell sorting. Cells were lyzed, and total RNA was purified for cDNA synthesis and RT-qPCR analysis. Numbers on the right scale in graphs represent relative mRNA message. l (dashed line), SSEA4^−^ cell mRNA message; RT-qPCR, real time-quantitative polymerase chain reaction.](fig-3){#f3}

![Two adult human exocrine pancreases were dissociated and labeled separately with SSEA4 antibody. SSEA4^−^ and SSEA4^+^ cells were purified closed to 95%--98% purity by flow cytometry cell sorting. Cells were lyzed, and total RNA was purified for cDNA synthesis and RT-qPCR analysis. The numbers on the scale are relative to the expression of *c-Myc* in human embryonic stem cells. The RT-qPCR results shown in this study are the average values of two experiments (*n*=2); *p*\<0.05.](fig-4){#f4}

We used immunofluorescence to demonstrate the co-localization of SSEA4^+^ cells with the pancreatic duct, progenitor markers, and emerging insulin cells. SOX9, CK19, and CA2 are established ductal markers. As shown in [Figure 5B](#f5){ref-type="fig"}, staining of pancreas sections showed that a majority of SSEA4^+^ cells were ductal cells, but notably some SSEA4^+^ cells were not CA2^+^. By staining 7-day cultures of dissociated adult pancreases, we confirmed that the majority of SSEA4^+^ cells co-localize with SOX9 ([Fig. 6C](#f6){ref-type="fig"}), and most of them co-localize with the ductal marker CK19 ([Fig. 6B](#f6){ref-type="fig"}); however, they were not positive for carboxypeptidase A1 ([Fig. 6A](#f6){ref-type="fig"}), a marker for cells localized in the tip domain of the duct.^[@B10]^ This is consistent with other report where SOX9 cells mark a population of cells at the interface of the tip and trunk domain.^[@B28]^ SSEA4^+^ cells also grew in clusters in between the duct cells ([Fig. 6B, C](#f6){ref-type="fig"}).

![Adult human pancreas sections. SSEA4^+^ cells co-localize with **(A)** SOX9 and **(B)** CA2 duct markers. SSEA4^+^ cells that do not co-localize with CA2 are noted with white arrowheads; **(C)** shows co-localization of SOX9 and CA2 duct markers. Some SOX9, most probably acinar cells, also do not co-localize with CA2. Scale bars: 60 μm **(A, C)**, 115 μm **(B)**.](fig-5){#f5}

![Cells from adult human pancreatic tissue were cultured for 7 days in RPMI medium with 10% FBS and stained for markers as noted. **(A)** SSEA4^+^ cells were not carboxypeptidase A1^+^; see white arrowheads.The majority of SSEA4^+^ cells co-localize with **(B)** CK19^+^ and **(C)** SOX9^+^ duct cells. Scale bars: 70 μm **(A--C)**. CPA, carboxypeptidase A1.](fig-6){#f6}

We reasoned that if SSEA4 cells were endocrine progenitors, they had to be positive for NGN3, a well-characterized endocrine progenitor marker during pancreatic development. Therefore, we assayed human fetal pancreases from age 9.6- to 22-week gestation for the presence of SSEA4/NGN3 double-positive cells. We found that SSEA4^+^ cells co-localized with NGN3 ([Fig. 1A](#f1){ref-type="fig"}).

We also looked at SSEA4 cells\' proliferative potential by co-staining with Ki67. Very few SSEA4^+^ cells co-stained with Ki67 ([Fig. 1D](#f1){ref-type="fig"}), indicating that few of them might have proliferative potential *in vivo*.

In the adult pancreas, SSEA4^+^ cells did not co-localize with insulin^+^ cells, except for one cell detected as shown in [Figure 1C](#f1){ref-type="fig"}, which may suggest that SSEA4 expression was lost during the endocrine progenitor transformation to a mature cell and underlines SSEA4 marker progenitor\'s specificity.

We thought that in the fetal pancreas, we might detect more of these rare transient events, and indeed, [Figure 1B](#f1){ref-type="fig"}, we saw one such demonstration of SSEA4^+^INS^+^ cells. Often, we observed SSEA4 cells surrounding an emerging islet ([Fig. 1B, C](#f1){ref-type="fig"}).

Differentiation of SSEA4^+^ and SSEA4^−^ cells to pancreatic cells {#s009}
------------------------------------------------------------------

To test the differentiation potential of SSEA4^+^ and SSEA4^−^ cells, sorted cells were grown in low-attachment plates for 10 days in a medium described in the Material and Methods section. After 2 days, sphere formation appeared in the SSEA4^+^ and SSEA4^−^ cultures. A week later, the spheres in the SSEA4^+^ cultures were more uniform in comparison to the SSEA4^−^ cultures ([Fig. 2B, C](#f2){ref-type="fig"}). Samples were taken every day, and the *Ngn3* mRNA expression was analyzed by RT-qPCR. In the SSEA4^+^ cells, *Ngn3* expression was three times higher by day 2 in comparison to day 1, and it peaked at day 5 ([Fig. 7](#f7){ref-type="fig"}). The purity of SSEA4^+^ cells was 95% as estimated by FACS ([Supplementary Fig. S2A](#SD5){ref-type="supplementary-material"}). However, SSEA4^−^ cells contained 20% low-expressing SSEA4^+^ cells ([Supplementary Fig. S2A](#SD5){ref-type="supplementary-material"}), which probably contributed to the sporadic low *Ngn3* expression ([Fig. 7](#f7){ref-type="fig"}) and elevated *insulin* expression in differentiated SSEA4^−^ cells ([Fig. 8](#f8){ref-type="fig"}). Despite the fact that *Ngn3* was gradually and significantly upregulated in spheres derived from SSEA4^+^ cells in comparison to the SSEA4^−^ cells, the expression of *Ngn3* mRNA was low.

![RT-qPCR analysis of spheres for *neurogenin 3* and *insulin* expression. Samples were taken every day, as noted, from SSEA4^+^ and SSEA4^−^ cell-derived sphere formations. Cells were lyzed by standard methods for mRNA purification, and generation of cDNA. RT-qPCR was performed in a TaqMan mix by using standard procedures (Applied Biosystems). This is one representative experiment. Standard deviations represent PCR replicates of the same sample.](fig-7){#f7}

![RT**-**qPCR analysis of spheres, derived from magnetic-activated cell sorting--purified SSEA4^+^ and SSEA4^−^ cells, after 4-day culture in high-glucose medium supplemented with B27 and PP2. Dark bars on the right represent SSEA4^+^ cell-derived spheres; gray bars are for the SSEA4^−^ cell-derived spheres with controls (CNTR), spheres grown in a regular growth medium. The numbers on the scale are relative to the expression of those genes in the FP. This is one representative experiment. Standard deviations represent PCR replicates of the same sample.](fig-8){#f8}

Ten-day SSEA4^+^ and SSEA4^−^ spheres were each divided in two plates. Half of the spheres were transferred to one plate and kept in a growth medium (control), and the other half were kept in a differentiation medium, which contained DMEM high glucose, B27 supplement and PP2, a Src family kinase inhibitor, since we recently showed that Src family kinase inhibition is involved in endocrine specification.^[@B27]^ After 4 days, the spheres were harvested and analyzed for pancreatic markers of progenitor and hormone-expressing cells. We found robust expression of *Pdx1*, *Nkx6.1*, *insulin, glucagon,* and *somatostatin* in SSEA4^+^ in comparison to the controls and to SSEA4^−^ cell-derived spheres ([Fig. 8](#f8){ref-type="fig"}).

Interestingly, *Sox9* ductal expression was not observed in the control population of SSEA4^+^ cell-derived spheres, but *glucagon* and *somatostatin* were upregulated in the SSEA4^+^ control in comparison to the SSEA4^−^ control population ([Fig. 8](#f8){ref-type="fig"}). As mentioned before, we observed some SSEA4 cells that were not positive for ductal markers in the adult pancreas ([Fig. 5B](#f5){ref-type="fig"}, white arrow heads). Clonal analysis of SSEA4^+^ and SSEA4^−^ control cells will be necessary to test whether the SSEA4^+^ nonductal cells are the ones that robustly differentiate to pancreatic cells in high-glucose medium. We believe that the cells that give rise to endocrine cells are derived from the SSEA4^+^ cells, and they are not a result of contamination with replicating INS^+^SSEA4^−^ cells, because the expression of *insulin* in the SSEA4^+^ control spheres was close to zero (Ct38) in comparison to the SSEA4^−^ spheres (Ct25) ([Figs. 7](#f7){ref-type="fig"} [and 8](#f8){ref-type="fig"}, insulin). In addition, we saw *Ngn3* expression predominantly in SSEA4^+^ cells, which might explain the consequent elevated expression of *somatostatin* and *glucagon* in the control SSEA4^+^ spheres. Sustained *Hes1* expression in SSEA4^−^ spheres might explain their inefficient differentiation ([Fig. 8](#f8){ref-type="fig"}). The absence of *Hes1* expression in SSEA4^+^ cells is consistent with their endocrine progenitor phenotype acquired during the culture, as manifested by *Ngn3* upregulation.^[@B29]^

Hypothesis evaluation and discussion {#s010}
------------------------------------

We have identified and purified SSEA4^+^ cells from human adult pancreases. Based on genetic profiling and immunostaining, most of these cells appeared to have ductal origin, although some did not show expression of the CA2 ductal marker ([Fig. 5B](#f5){ref-type="fig"}). SSEA4 cells appeared to express low levels of *Oct4* and *Wnt3a* markers, related to pluripotency, but they express high levels of *CD133* and *c-Myc*, which is characteristic of multipotent progenitors.^[@B30],[@B31]^ *Pdx1* low expression in the SSEA4^+^ cell pool most probably is due to a small contamination with insulin cells from the SSEA4^−^ cell pool during sorting. It could also reflect SSEA4^+^ cells that are on their path to become INS^+^ cells. SSEA4 is an established marker for multipotent progenitors in human fetal liver and in neural progenitor cells.^[@B23],[@B24]^

We hypothesize that a subpopulation of the SSEA4 cells in the human pancreas has arrested multipotent stem cells, which in conditions of high-glucose media and B27 can be induced to become pancreatic hormone-expressing cells. Confirmation of these experiments would require that SSEA4^+^ and SSEA4^−^ (control) cells be clonally analyzed for self-renewal and differentiation to pancreatic cells. The genetic profiles of expanded clonally derived SSEA4^+^ cells need a more complete analysis for markers related to self-renewal, ductal, acinar, and pancreatic endoderm. We have not examined what other marker SSEA4^+^ nonductal cells express.

A current belief is that the pancreatic duct and acinar cells may serve as a source of potential new cells in the pancreas by undergoing a process of dedifferentiation and redifferentiation.^[@B14],[@B32]^ We hypothesize that SSEA4^+^ cells could directly differentiate to insulin cells under circumstances that promote tissue regeneration in the pancreas. Our observation that SSEA4^+^, but not SSEA4^−^, cells expressed *Ngn3*, although low levels, *in vitro*, supports this hypothesis ([Fig. 7](#f7){ref-type="fig"}). In addition, Xu et al. recently showed that INS^+^ cells appeared from NGN3^+^ cells in the mouse postnatal pancreas^[@B9]^ after an injury.

Maritxell et al. demonstrated that centroacinar/terminal ductal progenitors that express ALDH1a1 might contribute to the maintenance of tissue homeostasis in the adult mouse pancreas.^[@B13]^ We examined whether SSEA4^+^ and SSEA4^−^ cells express *aldh1a1* and found that although they both do expressed it, *aldh1a1* expression was higher in SSEA4^+^ then SSEA4^−^ cells in some pancreatic tissue preparations (data not shown).

Seaberg et al. and later Smukler et al. have demonstrated the existence of PMP (pancreas-derived multipotent precursor) cells in the mouse and human pancreas.^[@B7],[@B16]^ PMPs expressed low levels of insulin and *Glut2*, propagated *in vitro*, and differentiated to neuronal and pancreatic cells. It is possible that the detected proliferating cells are early derivatives of SSEA4^+^ cells that had lost SSEA4 expression. We have demonstrated that rare SSEA4^+^ cells co-localize with insulin, but the majority of them co-localize with NGN3. We hypothesize that once SSEA4 cells transition to insulin-expressing cells, they lose SSEA4 expression. Another interesting observation was that although SSEA4 cells were located throughout the adult exocrine pancreas, some of them were found around the islet ([Fig. 1B, C](#f1){ref-type="fig"}). Smukler et al. reported that the INS^+^ PMPs were also often observed around the islets.^[@B16]^

The spheres in our cultures could potentially be the result of cell-to-cell aggregation and expansion rather than clonal single-cell expansion. Further clonal analysis will prove helpful in resolving this problem.

This is the first description of SSEA4^+^ endocrine progenitor cells in the human fetal and adult pancreas. Marker identification for the putative pancreatic stem/progenitor cells is of great importance for their purification and the initiation of studies for the generation of β-cells *in vitro* and *in vivo*.
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